In this paper, the control equation is first set up by using the reciprocal theory method when considering the section rotation of deep beam, shear deformation of adjacent cross section and the transverse stress. Then the control equation of deep beams under three kinds of boundary conditions is established. According to the comparison between the numerical value and finite element simulation value, we can know that the control equation and the deflection equation of the forced vibration of deep beams are correct. This is a new computing method of the forced vibration problem of deep beams under distributed harmonic load.
Introduction
The forced vibration of deep beams has been one of the leading issues in the engineering field, however, the theoretical basis of deep beams forced vibration is still very weak, and there is a lack of theoretical works with engineering examples. The conventional methods of solving the forced vibration problem of deep beam (Zhong and Yu, 2007; Rezaee and Hassannejad, 2011 ) is complicated and the results are not ideal. In this paper, comprehensively taking the section rotation of deep beam, shear deformation of adjacent cross section and the transverse stress into account, we deduce the control equation adopted the forced vibration problem of deep beams under distributed harmonic load.
Applying the reciprocal method (Fu, 2007) solves the deflection curve expression of deep beams under three different boundary conditions, which are two sides simply supported, fixed at both ends, fixed at one end and simply supported on the other end.
Comparing the numerical solution with the finite element results, the results show that the numerical solution of the resulting deflection has high accuracy, hence research on the forced vibration problems of deep beam with the reciprocal method can meet the practical engineering design needs (Han, 1998) , which has profound practical significance. Figure 1 shows the deep beam member shown τ yz = 0, its equilibrium equations of elasticity for z-axis is:
Deduce the control equation of forced vibration of deep beams

Establish the relationship among external load, deformation and internal force
The shear force of deep beam:
where Q is the shear force of cross section of deep beam, J y is the moment of inertia. According to the basic formula of straight beam:
where q is the load intensity per unit length along the x direction. Substitute formula (3), (2) into formula (1) to solve differential and simplify it: 
The control equations of forced vibration of deep beam
According to the principle of D'Alambert, substitute q into type (10), we can know
If the beam is subjected to harmonic external force and damping is ignored, we can assume:
where ρ is the quality of the beam in per unit area, Q(x) is the harmonic load, w(x) is the equation of deflection surface, ω 0 is the natural frequency of deep beam. Substitute formula (11), (12), (13) into the right side of formula (10), which can achieve the control equation of deep beam subjecting to forced vibration:
3 Forced vibration of deep beams under the distributed harmonic loads
Study on forced vibration of a rectangular cross section deep beam which is simply supported on both ends
The forced vibration deep beam with boundary conditions of two ends simply supported is regarded as the research object and establish the actual system as shown in Figure 2 . As to formula (16), when x = ξ, there is:
Taking two ends simply supported deep beams subjected of unit concentrated loads as the basic system, as shown in Figure 3 .
Figure 3 Basic system
The expression of the basic system's deflection curve is:
( 1 8 ) Applying the reciprocal method between the actual system shown in Figure 2 and the basic system in Figure 3 , substitute formula (15), (16) and simplify the calculation, which can get the expression of deflection curve of two ends simply supported deep beam that subjected to forced vibration: The formula (22) is the same as the static load equation of the literature (Fu et al., 2009) , and the derivation of formula (21) is correct. Applying MATLAB to calculate the deflection of deep beam with two ends simply supported under the forced vibration, with the condition as following: the calculated span is l = 1 m, the height of cross-sectional is h, the width of cross-sectional is b = 2h / 3 , the density is ρ = 7,800 kg/m 3 , the Poisson's ratio is v = 0.3 , elasticity modulus is E = 2.06 × 10 11 Pa , load is q = 2sin(ω o t) kN/m, natural frequency is ω. The simulation process of finite element selects the solid 45 unit, and divides the deep beam into five parts along the axial direction; the deflection value calculated results of deep beam under different depth-span ratio at various points along the axis direction are listed in Table 1 , as shown in Figure 4 and Figure 5 . Table 1 The deflection of deep beams under simple harmonic load with 0. From the numerical values comparison in Table 1 , which can show the error between the analogue value and numerical solution is less than the allowable error value 5%, curves in Figure 4 and Figure 5 all substantially coincide.
Study on forced vibration of a rectangular cross section deep beam which is fixed at one end and simply supported on the other end
Regarding the boundary conditions that one end is fixed and the other end of the forced vibration deep beams is simply supported, replace the left fixed constraint with bending moment M o , and the simplified actual system are shown in Figure 6 .
q(x) is expressed as: Similarly, applying reciprocal method between the actual system in Figure 6 and the basic system in Figure 3 , substituted in basic solution θ 10 and simplified calculation, which can get the expression of deflection curve of deep beam with one side fixed and simply supported on the other end that under forced vibration: 
Substitute formula (25) into formula (9), formula (26) can be calculated by simplifying calculation: 
The formula (32) is the same as the static load equation of the literature (Wang, 2010) , and the verification formula (31) is correct. Applying MATLAB to calculate the deflection of deep beam with one side fixed and the other end simply supported under the forced vibration, with the condition: the calculated span is l = 1 m, the height of cross-sectional is h, the width of cross-sectional is b = 2h/3, the density is ρ = 7,800 kg/m 3 , the Poisson's ratio is v = 0.3, the elasticity modulus is E = 2.06 × 10 11 Pa, the load is q = 2sin(ω o t) kN/m, natural frequency is ω.
The simulation process of finite element select the solid 45 unit, and divides the deep beam into ten parts along the axial direction, the deflection value calculated results of deep beam under different depth-span ratio at various points along the axis direction are listed in Table 2 , as shown in Figure 7 and Figure 8 . From the numerical values comparison in Table 2 , which can show the error between the analogue value and numerical solution are less than the allowable error value 5%, curves in Figure 7 and Figure 8 all substantially coincide. 
Study on forced vibration of a rectangular cross section deep beam which is two sides fixed
Regarding the boundary conditions as research object for are that both two ends fixed deep beams under the forced vibration, replace the left fixed end constraint with the bending moment M 0 , replace the right fixed end constraint with the bending moment M 1 , the simplified actual system is shown in Figure 9 . 
Applying MATLAB to calculate the deflection of deep beam with two ends fixed and under the forced vibration, with the condition as following: the calculated span is l = 1 m, the height of cross-sectional is h, the width of cross-sectional is b = 2h/3, the density is ρ = 7,800 kg/m 3 , the Poisson's ratio is v = 0.3, the elasticity modulus is E = 2.06 × 10 11 Pa, the load is q = 2sin(ω o t) kN/m, and the natural frequency is ω. The simulation process of finite element select the solid 45 unit, and divides the deep beam into five parts along the axial direction, the deflection value calculated results of deep beam under different depth-span ratio at various points along the axis direction are listed in Table 3 , as shown in Figure 10 and Figure 11 .
The numerical values comparison in Table 3 shows the error between the analogue value and numerical solution is less than the allowable error value 5%, and the curves in Figure 10 and Figure 11 all substantially coincide.
Conclusions
In this paper, comprehensively considering the section rotation of deep beam, shear deformation of adjacent cross section and the transverse stress, the control equation of the forced vibration problem of deep beams with distributed harmonic load is set up. Applying the reciprocal method to solve the deflection curve expression of deep beams under three different boundary conditions, which are two sides simply supported, fixed at both ends, fixed at one end and simply supported on the other end. According to the comparison between the numerical calculation and the finite element solution, the results show that the methods applied in this paper are correct. A new method for solving the problem of forced vibration of deep beams is given.
